The Klamath Basin was in the national news regularly during the summer drought of 2001 when
Introduction
The Klamath Basin, roughly defined by the watershed of the upper Klamath River, is shown in Figure 1 . Within that larger watershed is the Lower Klamath Lake (LKL) Basin. The northern, or Oregon portion of the LKL Basin is overseen by the Klamath Drainage District (KDD). This paper focuses on the geophysical exploration of the KDD lands which are shown in detail in Figure 2 .
History of Klamath Basin
In 1905, under the provisions of the Reclamation Act of 1902, work commenced on the "reclamation" of the Lower Klamath Lake and Tule Lake. Marshlands and the lakes themselves, were drained creating extensive agriculture lands for homesteading. Water from the Upper Klamath Lake and the Lost River were diverted into an extensive system of canals for irrigation of farm land throughout the Upper Klamath Basin.
The system today includes 7 dams, 5 major pumping plants, 18 canals with a total length of 298 km, with an additional 2000 km of laterals and drains. The project includes 94,545 ha (233,625 acres) of irrigable land. The Klamath Basin also encompasses 4 National Wildlife Refuges, including an extensive refuge in the southern part of the LKL Basin.
Changes in water allocation during the summer of 2001 were influenced by the plight of three endangered species, two species of sucker fish in the Upper Klamath Lake and the Coho salmon in the lower Klamath River. Native water rights further complicate the political picture. In the summer of 2001, with drought conditions and a concern for endangered species, the Bureau of Reclamation completely cutoff all irrigation water from Upper Klamath Lake, leaving approximately 1500 farms without water for crops.
Geologic Setting
The Upper Klamath Basin is the northwestern limit of the Basin and Range Province of the western United States. Northwest-southeast trending valleys are graben structures between intervening horst block ridges. Immediately to the west lie the southern Cascade Mountains including Crater Lake to the north and Mt Shasta to the south.
Reconnaissance geologic mapping was carried out in the early 1990's and reported by Sherrod and Pickthorn (1992) . Their mapping shows major ridges as a combination of Pliocene-Miocene basalts and related volcanic rocks. Continental sedimentary rocks also of Tertiary age are present throughout the basin. In the broad, flat valleys "basement" rocks, beneath the thick sedimentary lacustrine deposits, are also Tertiary basalt, related volcanics and, continental sedimentary rocks.
Water Resources
For decades the area's agricultural industry has relied on surface water from the Klamath River and the Lost River for their water needs. Because those surface supplies have been adequate, little subsurface exploration was conducted. As demand has increased for surface water, and agricultural supplies have been curtailed, a significant groundwater exploration program has developed in the last two years.
Numerous domestic wells tap shallow aquifers, generally at depths less than 500 feet. This shallow aquifer is generally volcanic sandstones and thus generally does not have the capacity to sustain large agricultural production.
Fracture zones within the "basement" basalts have been the target for much of the recent drilling for irrigation wells throughout the basin. Many of these wells produce significant quantities of water. Hence, if we can locate the basement fault zones using geophysics, we can increase our success rate in drilling agriculture water supply wells.
Groundwater Exploration Programs

California Drilling Program
The California Department of Water Resources (CA DWR) responded to the water shortage by funding a five million dollar drilling program, drilling approximately 10 wells to depths up to 800 meters (2,600 feet). Most of these wells were in an east-west line, about 3 km south of the Oregon/California state line in the Tule Lake area. Nominal spacing between wells was 3.2 km (2 miles). The CA DWR report, with an interpreted stratigraphic cross section, is in final review (Jan.2003).
As part of the CA DWR exploration program for the Tulelake Irrigation District, Harve Waff from the University of Oregon directed a controlled source audio-magnetotelluric (CSAMT) program, in the Tule Lake Area. The results of this survey have not yet been published and are not included here. However, our understanding (personal communication, Harve Waff) is that the highly conductive playa deposits and a complex geoelectric section present a major obstacle to resolving deeper features. However, final judgment awaits the release of the final report on that work.
National Wildlife Refuge Programs
The National Wildlife Refuges, under the auspices of the US Fish and Wildlife Service, also had an extensive groundwater exploration in the Lower Klamath Refuge. That program included drilling 9-10 test wells and completing 4 production wells. During the later phases of that program they included gravity and magnetic data to assist in siting wells. Geophysical work was performed by Golder Associates of Redmond, WA. Again, their report is in final review (Jan.2003).
USGS Upper Klamath Basin Ground-Water Study
The Portland office of the USGS, together with the Oregon Water Resources Department (OWRD) have undertaken a groundwater modeling project for the Upper Klamath basin. As part of that project they are acting as a repository for much of the subsurface and surface water information from throughout the Upper Klamath Basin. At this stage of the project they have not undertaken any drilling or geophysical data acquisition projects of their own. Extensive information on the Upper Klamath Basin Ground-water Study can be found on their web site: http://oregon.usgs.gov/projs_dir/or180/klamgw.html
DOGAMI Mapping
The Oregon Department of Geology and Mineral Industries (DOGAMI) has redirected some of their geological mapping program to give priority to quadrangles in the Klamath Basin area. Within the last 5 years they have created new geologic maps for more than 20 new 7 ½ minute scale quadrangle maps in support of the OWRD hydrologic studies. These maps concentrated on providing detailed stratigraphic and fault-location information.
Oregon Drilling Program
In response to the Upper Klamath Basin water crisis, the Oregon Legislature allocated $3.2 million dollars as aid to the farmers. The money gave the 18 irrigation districts the funds to drill supplemental irrigation wells for use in times of similar water/drought crises. The Oregon Water Resources Department (OWRD) oversaw the drilling program and, through a grant program, facilitated the transfer of the money to the irrigation districts.
KDD Geophysical Program
Instead of drilling one or two irrigation wells, the Klamath Drainage District (KDD) opted to use all of their grant money from the OWRD for a geophysical program, so that irrigation wells with a higher probability of production could then be drilled by individual landowners. Several contractors offered competing proposals for a wide range of programs. They finally settled on a program including ground magnetics, gravity, and seismic reflection. Results of that work are presented in this paper.
Lower Klamath Lake Basin Geophysical Program
The Lower Klamath Lake (LKL) basin is an area of 100 km 2 which was formerly the lakebed of the Lower Klamath Lake. In the 1920's and 30's the seasonal lakes and marshland of Lower Klamath Lake was "reclaimed" for agricultural purposes. Lower Klamath Lake remains as a much smaller lake, in the southern (California) portion of the Basin. The Klamath Drainage District (KDD) is the irrigation district which controls the irrigation water distribution over the Oregon portion of the LKL basin.
The LKL Basin is a graben feature, bounded on the northeast by the Klamath Hills and on the west by the Cascade foothills. Two small "islands" of rock poke through the nearly horizontal valleyfill sediments, one (Zuckerman Island) appears to be a horst block and the other (Skull Island) a volcanic plug. The basic objective of the geophysical program was to map the depth to the volcanic basement and fault zones which might prove to be attractive targets for a subsequent drilling program.
"Terramagnetic" Survey
In November of 2001, the Klamath Drainage District, with grant money from the Oregon Department of Water Resources, commissioned Geopotential, of Gresham, Oregon, to conduct a reconnaissance level ground magnetic survey. That "terramagnetic" survey was conducted with a magnetometer "stinger" mounted 10 feet behind an S-10 Blazer driving across the fields in December (Geopotential, 2002a) . Lines ran east-west with a nominal line spacing of 400m (¼ mile).
We at NGA had some serious concerns about acquiring magnetic data in this fashion. Geopotential reported a repeatability level of about 25nT. We see some "noise" in that data of over 100nT. However, there are some variations of over 1000nT in the total magnetic field across the basin which are well above the noise level. Hence, the reconnaissance level terramagnetic data provide some useful constraints on the geologic models of the basin. Those magnetic data are used in the integrated interpretation later in this paper.
Gravity
In March of 2002, Northwest Geophysical Associates, Inc. (NGA) acquired approximately 200 gravity stations spread out over the northern portion of the LKL basin as shown in Figure 2 . Nominal station spacing was 0.5 km. The objective of that survey was to map the form of the basin and identify major horst blocks, and associated faulting, which may occur within the basin
Seismic Reflection
In May of 2002, Cooksley Geophysical of Redding California shot three seismic reflection lines, 2.06 to 2.08 km in length, as shown in Figure 2 . Line locations were selected on the basis of preliminary magnetic and gravity interpretations to provided a more detailed interpretation of selected fault structures.
Data acquisition conditions were very difficult with high attenuation in the near-surface and considerable ground roll. The data required a strong mute but reasonable final sections were produced showing horizons down to 0.8 -1.0 sec. Those seismic data are used in the integrated interpretation later in this paper ( Figure 6 ).
Gravity Survey
Data Acquisition
NGA utilized a Scintrex CG-3 automated gravity meter for the KDD survey. This meter has a "reading resolution" of 0.01 milliGal (mGal) and a "standard deviation of measurements from the mean" of 0.05 mGal using normal procedures. The instrument automatically integrates the signal over time, using spike noise rejection filters, to obtain a mean and standard deviation for each station. The instrument makes automatic corrections for instrument tilt, temperature, and earth tides.
Measurement statistics, repeat station statistics, and terrain correction accuracy indicate that an accuracy of 0.1 mGal was maintained or exceeded throughout the survey.
Survey Control
Survey control, horizontal and vertical position, utilized a Trimble Real-Time Kinematic (RTK) GPS system. The RTK system provided vertical control to within 3 cm and horizontal control to within 2 cm.
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Data Processing
Data processing followed a standard sequence of corrections and was implemented using the Geosoft OASISmontaj™ gravity reduction software. The following standard corrections were made to the observed gravity data: 3 ; "infinite slab") The Bouguer correction density of 2.45 gm/cm3 was selected on the basis of previous studies (Veen, 1981 ).
Complete Bouguer correction (terrain effects)
For this survey a digital topographic database from the U.S. Geological Survey (http://edcwww.cr.usgs.gov/Webglis/glisbin/glismain.pl) was used. The digital elevation model (DEM), with a 10 m cell size was used for the topography in Oregon, and a 30 m grid was used for California. Beyond approximately 100 km, a 1 km topography grid from the USGS (http://www.ngdc.noaa.gov/seg/topo/globe.shtml) was utilized.
The terrain correction included topography up to 250 m from the survey area. The Geosoft OASISmontaj™ gravity reduction suite was used to calculate the terrain correction.
Near field Terrain Correction
Additional manual, near-zone terrain corrections were made for a dozen stations where there was significant topographic relief within 50 m of the station. These corrections were calculated from field notes made at the time of the survey. Near field corrections were generally less than 0.1 mGal.
Interpretation
Several products were generated from the gravity survey: Figure 3 is the final Bouguer Gravity map. In the detailed area of our March 2002 survey, we show the Bouguer Gravity field as obtained from that survey. In order to extend the regional shape of the gravity field outside our survey area, we have incorporated regional gravity data available from the NOAA (Hittelman, et al., 1992) .
Bouguer Gravity Map
There is an excellent fit between our data and the regional data set in the region of overlap. The misfit was a maximum of 3 milliGals, (mGal) and generally less than 1 mGal. At each of the regional stations within the NGA survey area, the misfit could be accounted for in differences in station location and elevation determination, since the regional dataset locations were generally scaled off the topo sheets, whereas NGA locations were surveyed using the differential GPS (±3 cm). In the areas of overlap, the regional stations were removed from the final data set. There was no coherent trend or Figure 4 shows the depth to basement estimated using a simple 3D gravity model with the USGS software, GI3 (Cordell et al., 1992; Cordell and Henderson, 1968) . This model assumes one density for the basin fill sediments, 2.25 gm/cm3, and one density for basement rocks, 2.69 gm/cm3, for a density contrast of 0.44 gm/cm3. The program adjusts the model depth-to-basement until the calculated gravity for the geologic model best fits the observed gravity field. Depth to basement was calculated on a grid spacing of 400 meters. That grid spacing is appropriate for the resolution we may expect from the dataset.
Depth to Basement Analysis
This interpretation is poorly constrained since we do not know the actual rock densities. Due to an absence of wells drilled within the valley floor, we also do not have any independent depth-tobasement information (e.g., wells encountering basement) in the center of the basin. However, the structure of the basin (i.e., the positions and relative magnitudes of faulting, basement highs, and basement lows) is likely to be accurate although the absolute depth of the basin may be in error.
Fault trend Analysis
Trends or horizontal lineaments in the gridded gravity data were analyzed using the "Boundary" method of Blakely and Simpson (1986) . That technique looks for lineaments where the horizontal gradient of the gravity field is a maximum. The Boundary technique calculates the horizontal gradient at each grid node and plots "peaks" where local maxima in the horizontal gradient occur. Linear trends in those "peaks" may be interpreted as fault trends. We have utilized the Geosoft/NGA implementation 0 5km of the Boundary technique. Interpreted fault trends overlain on the boundary peak picks are shown in Figure 5 with the Bouguer gravity contours.
We highlighted only the major, and most evident faults. Undoubtedly there are additional faults, as evidenced by additional linear trends in the Boundary peaks. However, with the "peak picking" thresholds set too low, the boundary analysis will also pick noise in the data and artifacts of the gridding algorithm. Hence, we have erred on the conservative side in interpreting fault locations. Figure 5 also shows our fault interpretation of the magnetic data acquired by Geopotential (2002a,b) . Our interpretation is considerably more conservative than that reported by Geopotential. South of Township Road the magnetic data indicates the presence of volcanic flows within the sedimentary section. Hence, south of Township Road, the boundary analysis will identify trends in those flows, and edges of those flows, masking the basement faults. Figure 6 shows a modeled cross section along seismic Line B, incorporating gravity, magnetic, and seismic data. Three additional profiles, without seismic control, were modeled for the report to the KDD (NGA, 2002) . Figure 6 has the interpreted seismic section as a "backdrop" with the gravity/magnetic model on top. Figure 7 shows that model extended across the basin. Although we have insufficient velocity information to determine depth to basement from the seismic data, the seismic data indicate the general configuration of the east side of the basin and fit very well with the gravity and magnetic data. The graben-bounding fault on the east can be seen in the seismic section and has strong gravity and magnetic signatures. The location of this fault zone is well constrained by the geophysical data and is a likely drilling target. Toward the west end of the gravity/magnetic profile (Figure 7) , the line passes to the north of Zuckerman Island, a horst feature, which has a complex magnetic signature, probably due to a combination of reversed and normally magnetized basalt flows forming the basement units.
Integrated Interpretation
A few caveats of this model must be offered: 1) The seismic backdrop is a time section and hence is not properly scaled for an velocity function increasing with depth, 2) we have no rock densities, or seismic velocities to constrain depth-to-basement, and 3) we have no borehole constraints on the stratigraphy of the section. Within these limitations, the interpretation provides drilling targets and a good geologic framework.
Conclusions
A three-pronged geophysical exploration program has proved to be a useful tool in subsurface exploration in the Oregon portion of the Klamath Basin where it has been utilized. We have mapped basement structure and identified several faults which will be drilling targets. In the southern portion of the KDD (south of Township Road) the geology appears more complex, with volcanic units within the sedimentary units.
Gravity is a useful tool for constraining sediment thickness and for locating major faults within the basin However, more density information and/or more deep borings are required to refine our interpretations.
The Lower Klamath Lake basin, has a complex magnetic response. We attribute this complexity to a corresponding geologic complexity with numerous volcanic units. Additional, high resolution magnetic surveys, together with additional borehole control, may be useful in unraveling some of that volcanic geology. It appears that some of the magnetic response comes from volcanic units interbeded in the sedimentary units. Hence, some of the magnetic response may not reflect the faulting in the basalts which is the target for groundwater exploration. Instead the magnetic response may arise from shallower volcanic units within the sedimentary section.
Uniform magnetic coverage over the entire Klamath Basin could be obtained from a highresolution airborne survey. An airborne survey would minimize cultural noise relative to ground based systems. We have observed that basaltic boulders used to construct the levees and road beds cause significant cultural noise to ground based magnetic surveys. That "non-geologic" signal is greatly attenuated at flight elevations of a few hundred feet. We do not recommend more reconnaissance, vehicle borne magnetic surveys as we do not feel they provide the detail necessary to unravel the complex geology. Higher resolution data is available from more conventional ground magnetic surveys.
Seismic reflection profiles have identified a number of basement faults, some of which extend into the basin sediments. The basement faults are attractive targets for future drilling. Acquisition of high quality seismic data is difficult in the LKL Basin due to the high attenuation of higher frequencies and excessive ground roll.
The verdict is still out on the electromagnetic techniques. However, conductive sediments and a complex geoelectric section pose major obstacles to electrical/electromagnetic exploration.
Many of these conclusions are preliminary in nature, as many of the datasets are not finalized. As more boring data becomes available, the geophysical interpretation can be refined, and the utility of various approaches can be better evaluated.
